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ABSTRACT Solid-state 31P-NMR of Nephila clavipes dragline silk indicates the presence of phosphorus in at least two
chemically distinct environments. Amino acid analyses of acid-hydrolyzed silk confirm the presence of phosphotyrosine as
one of the phosphorus-containing components. The unusual chemical shift (18.9 ppm downfield from 85% H3P04), proton
chemical shift, and acid lability of a second component suggest that it is part of a strained five-membered cyclic phosphate
that might be found on a ,B-D-ribose. The five-membered cyclic phosphate is not removed from the silk fibers by exhaustive
aqueous extraction. It is absent in nascent silk fibroin from the glands, suggesting that its formation is part of the fiber
processing that occurs in the ducts leading to the spinnerets. High-resolution NMR spectra of silk dissolved in propionic
acid/12 N HCI (50:50 v/v) show five phosphorus sites assigned to phosphorylated tyrosine residues, phosphorylated serine
residues, inorganic phosphate, and two hydrolysis products of the cyclic phosphate compound. The observed posttransla-
tional phosphorylation may be important in the processing and modulation of the physical properties of dragline silk.
INTRODUCTION
Although the amino acid sequence (Lewis, 1992) and struc-
ture (Simmons et al., 1994 a,b; Kaplan, 1994) of dragline
silk from the spider Nephila clavipes are currently under
active investigation, the spinning process has not received
equal attention (Viney et al., 1993). It is well known that the
processing of polymers plays an enormous role in determin-
ing the properties of the finished fibers (Zimmerman, 1989).
Within the spider, the dragline silk starts as an isotropic
liquid in the major ampullate glands, is drawn through long
glandular ducts, and emerges from the spinneret as an
oriented fiber. It is thought that dehydration is one part of
this process (Tillinghast et al., 1984). Physicochemical ex-
periments have suggested that a disorder-to-order transition
of Bombyx mori (silkworm) silk fibroin takes place under
shearing stresses (Ilzuka, 1983). More recently, Viney and
co-workers (Thiel et al., 1994) have discovered that a large
amount of calcium (-0.2 wt %, presumably added during
processing) is present in the fibers.
Partial amino acid sequences of dragline silk proteins
Spidroin 1 and 2 (Lewis, 1992) indicate a substantial pro-
portion of positively charged amino acid residues, (arginine
-2%) but only a trace of negatively charged ones (glutamic
acid -0.3% from sequence). This charge imbalance led us
to hypothesize the existence of ionic cross-links, either from
exogenous inorganic ions or through posttranslational mod-
ifications such as phosphorylation.
Here we describe the application of solid- and solution-
state 31P-NMR spectroscopy to the detection and identifi-
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cation of phosphorus-containing groups in the dragline silk
of N. clavipes.
31P-NMR has been used to study enzyme control and
catalysis mechanisms in globular proteins (Brauer and
Sykes, 1987). The role of the phosphorus atoms that occur
in globular proteins is often dramatic (Lehninger et al.,
1993; Creighton, 1993) because the phosphorylation of a
single amino acid residue in an enzyme, by altering the
three-dimensional structure of the protein, may cause a
change in catalytic activity of several orders of magnitude.
The phosphorus nucleus, however, has received little
attention in the study of fibrous proteins. Although solid-
state NMR has been an important tool in elucidating the
structure of several fibrous proteins, for example collagen
(Jelinski and Torchia, 1980; Jelinski et al., 1981) and B.
mori silk (Asakura et al., 1993; Nicholson et al., 1993), 31p
is a nucleus that has been wholly ignored. Here we present
evidence that phosphorus is present in the dragline silk of N.
clavipes spiders in at least two chemically distinct environ-
ments.
MATERIALS AND METHODS
Dragline silk samples were obtained by controlled silking of N. clavipes
spiders. The silking procedure used is similar to that described elsewhere
(Work and Emerson, 1982). Silk was drawn at a rate of -2 cm/s, compa-
rable to natural draw rates. All samples used in this work were obtained
within the first 5 days of captivity of the spiders in order to obtain silk that
resembles as closely as possible silk produced in the wild.
Solid-state proton-decoupled 31p CP-MAS (cross-polarization magic
angle spinning) NMR spectra were acquired on a home-built spectrometer
based on a wide-bore 7.05 T magnet (Oxford Instruments, Oxford, UK)
operating at 121 MHz. The 900 pulse width was 3.5 ,us, and a broad-band
triple-resonance probe (Chemagnetics, Otsuka Electronics, Ft. Collins,
CO) was used to spin the sample at 5 kHz. Cross-polarization was per-
formed with a 4-ms contact time and a 4-s repetition time between scans.
Known amounts of O-phosphoserine, sodium phosphate, and O-phospho-
tyrosine were used for spin-counting. Proton-decoupled solution 31P spec-
tra were acquired on either a Varian Unity-400 spectrometer at 161 MHz
or on a Bruker AM-360 at 145 MHz, both in unlocked mode. The delay
489
Volume 70 January 1996
time between acquisitions was 1.8 s. High-resolution proton NMR spectra
were acquired on a Varian Unity-400 with a 2.0-s delay between scans.
Silk samples were dissolved in propionic acid/12 N HCI (50:50 v/v)
(Pierce, Rockford, IL) for solution-state 31p spectra or in formic acid-d2
(95% in D20) (C/D/N Isotopes, Pointe-Claire, Quebec) for proton spectra.
A water extraction of silk was performed with distilled water in a
cellulose thimble in a Soxhlet extraction tube for 10 h. The washed silk was
then allowed to dry in air for 2 h. The extract was dried in a Rotovapor
RE-120 solvent extractor and then redissolved in 0.5 ml D20.
Phosphoamino acids used as standards were purchased from Sigma (St.
Louis, MO) and used without further purification. Amino acid analyses
were carried out on a Waters Pico-Tag amino acid analysis system accord-
ing to published methods (Heinrikson and Meredith, 1984), which were
modified by using propionic acid/12 N HCI (50:50 v/v) for the hydrolysis
step.
RESULTS
The solid-state 31p spectrum of unoriented dragline silk
fibers is shown in Fig. 1. The spectrum consists of peaks
from at least two chemically distinct signals (18.9 and 0.6
ppm) along with spinning sidebands (denoted by s). The
relative intensity of the downfield to upfield sites is 1:4. By
comparing the intensities of this spectrum with 31p stan-
dards, we estimate that these sites correspond to 1 31p
nucleus for each 4000 (downfield) and 1000 (upfield) amino
acids of silk. Because all the samples were cross-polarized,
the spin-counting procedure is not rigorously quantitative.
Nevertheless, we obtained excellent agreement between
spin counts of sodium phosphate, O-phosphotyrosine, and
O-phosphoserine standards. Additionally, in a simple Bloch
decay experiment with a delay time of 60 s between repe-
titions, the ratio of intensities of the two peaks was the same
as in the cross-polarized spectrum.
The sideband intensity pattern of the upfield peak reflects
a larger chemical shift anisotropy than that of any of the
standards used (O-phosphotyrosine, O-phosphoserine, 0-
phosphothreonine, and NaH2PO4). This may be caused by
distortions due to noncovalent interactions within the
packed silk fibers. The chemical shift anisotropy of the
smaller downfield peak is more difficult to estimate, but it
s
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FIGURE 1 Solid-state CP-MAS 31P-NMR spectrum of 123 mg N. clavi-
pes dragline silk. Obtained with 18,272 accumulations with a 1-s repetition
delay, a contact time of 4 ms, and a 50-kHz spectral width. Spinning
sidebands are denoted by s.
seems to be of magnitude similar to those of the standards.
The components of the chemical shift anisotropy tensors
were extracted by a Herzfeld-Berger (Herzfeld and Berger,
1980) analysis and are given in Table 1.
A water extraction was performed to determine whether
the observed phosphorus is bound within the silk. Solid-
state 31P-NMR spectra of a washed and an unwashed silk
sample were obtained. The spectra, collected under identical
conditions, show similar phosphorus content for the upfield
site, whereas the downfield peak is actually slightly larger in
the washed sample. We attribute this difference to the fact
that the washed sample was collected from spiders in their
first 2 days of captivity, whereas the unwashed sample was
collected the following 3 days. We were unable to detect
any phosphorus in the extract by solution-state NMR.
Examination by solution-state 31P-NMR of the nascent
silk fibroin from dissected major ampullate glands reveals
peaks in the -0 ppm region but none in the - 19 ppm
region.
Amino acid analyses of the silk were performed with
various hydrolysis times to identify the phosphorus sites.
The chromatograph was calibrated with O-phosphoserine,
O-phosphothreonine, and O-phosphotyrosine in addition to
the usual standard. Fig. 2 displays the ratio of O-phospho-
tyrosine to total tyrosine detected as a function of hydrolysis
time. The data reflect the expected increase in hydrolysis of
O-phosphotyrosine with increasing reaction time. Because
the phosphoamino acids are partially destroyed as the pro-
tein is hydrolyzed, it is not possible to quantitate their
content accurately from amino acid analysis, and we hesi-
tate to extrapolate the data of Fig. 2 to zero hydrolysis time.
Unfortunately, the O-phosphoserine peak could not be dis-
tinguished from other interfering peaks in the elution. No
O-phosphothreonine was detected.
A high-resolution solution 31p spectrum of dissolved silk
is shown in Fig. 3. Five lines are observed in this spectrum,
all with chemical shifts near zero (Table 2). There is no
trace of the 18.9-ppm peak observed in the solid-state spec-
trum. The intensity ratios of the four well resolved lines are
-2:1:1:6, and the relative intensities do not change with
time. The widths of the lines are not all identical (Table 2),
indicating a difference in rotational correlation times be-
tween the different environments. The line at 0.7 ppm is
assigned to inorganic phosphate, inasmuch as a NaH2PO4
standard in the same solvent appeared at this position with
the same linewidth.
The line at -2.2 ppm is assigned to phosphotyrosine. In
our solvent, the free amino acid O-phosphotyrosine ap-
peared at -5.4 ppm. A solid-state CP-MAS spectrum of
TABLE I Chemical shift anisotropies for N. clavipes
dragline silk
oi.. (ppm) O1ll 022 033
0.6 -88 ± 5 -5 ± 5 95 ± 10
18.9 -42± 15 6±8 93±20
*Downfield from 85% H3PO4.
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FIGURE 2 Ratio of O-phosphotyrosine to tyrosine detected in amino
acid analysis of propionic acid/HCl hydrolyzed silk as a function of
hydrolysis time.
polycrystalline O-phosphotyrosine also revealed an isotro-
pic chemical shift of -5.4 ppm. The chemhical shift of this
group is known to vary significantly with environment. A
titration of free O-phosphotyrosine (Moore et al., 1985)
showed a variation from -3 to 0.9 ppm between pH 4.5 and
9. The -2.2-ppm line is also the least motionally narrowed
of any in the spectrum, leading us to suggest that it is
attached to the high molecular weight silk protein.
The broad, poorly resolved line at -0.7 ppm may be due
to phosphoserine. A titration of free O-phosphoserine (Vo-
gel, 1989) showed a variation from 0 to 4.5 ppm between
pH 8 and 5. In the solid state, we found the O-phosphoserine
standard at 0.8 ppm.
We propose that the other two sharp peaks in the spec-
trum correspond to the partial hydrolysis products of the
compound responsible for the 18.9-ppm peak of the solid-
state spectrum.
TABLE 2 Solution chemical shifts* for N. clavipes
dragline silk
8* (ppm) Intensity Linewidth§ (Hz) Assignment
0.7 2 11 Pi
-0.1 1 18 Cyclic phosphate
hydrolysis product
-0.7 0.3-1.0 -40 Phosphoserine (?)
-1.1 1 18 Cyclic phosphate
hydrolysis product
-2.2 6 38 Phosphotyrosine
*Propionic acid/HCl (50:50 v/v).
*Downfield from 85% H3PO4.
§Full width at half height.
possibility is a strained five-membered phosphate ring
(Gorenstein, 1975). Examples include the 2',3'-cyclic nu-
cleoside phosphates (scheme 1) (Fathi and Jordan, 1986;
Graham et al., 1987), glycerol 1,2-(cyclic) phosphate (6 =
19.1 ppm (Boyd et al., 1987), and other cyclic sugar phos-
phates (Boyd et al., 1987; Fathi and Jordan, 1986; Goren-
stein, 1975; Graham et al., 1987). These compounds un-
dergo hydrolysis under acidic conditions.
HO- Cl R
H H
0 0
Scheme /
Scheme 1
DISCUSSION
There are only two classes of naturally occurring phospho-
rus compounds with chemical shifts near 19 ppm. The first
20 15 10 5 0 -5 -10
Chemical Shift (ppm)
FIGURE 3 Proton-decoupled solution NMR spectrum of 33 mg N. clavi-
pes dragline silk dissolved in propionic acid/12 N HCI (50:50 v/v). Ob-
tained with 8672 accumulations, a 450 tip angle, a 2-s repetition delay, and
a 10-kHz spectral width.
The other class of biologically important phosphorus
compounds with chemical shifts in this region is the phos-
phonates, the most common of which is 2-aminoethylphos-
phonic acid (Meneses et al., 1987; Hilderbrand et al., 1983).
It has been suggested (Hilderbrand et al., 1983) that the role
of phosphonates in biological systems is protection from
extremes in external chemical environments (for lower ma-
rine animals) and from proteolytic enzymes (Zhao et al.,
1994). It is known that some peptide phosphonates have
antibacterial activity (Allen et al., 1978; Zboinska et al.,
1993). The phosphonates are not acid-labile (Hilderbrand et
al., 1983).
Two lines of evidence are used to assign the peak at 18.9
ppm in the solid-state spectrum to a five-membered cyclic
sugar phosphate. First, on dissolution in propionic acid/HCl,
we find that the cyclic phosphate ring is cleaved at either
one of its two ester linkages, as predicted by Fathi and
Jordan (1986), giving rise to the two slightly broadened
resonances observed in the solution spectrum. Second, by
high-resolution proton NMR we observe signals corre-
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sponding to the ring protons. These signals are of the correct
intensity predicted by the 31P data.
The fact that the two 3 resonances from the cleavage
products are broadened suggests that the cyclic sugar com-
pound may be associated with protein. The intermediate
linewidth suggests that the sugar is either covalently at-
tached to a mobile portion of the protein, perhaps at one
end, or that it is more loosely involved. Covalent binding of
carbohydrates to globular proteins is common and is prece-
dented in fibrous proteins in collagen (Creighton, 1993).
The presence of glycoproteins in the droplets of Araneus
diadematus viscid spiral silk coating has also been reported
(Vollrath et al., 1990).
This five-membered cyclic phosphate is not present in the
nascent silk fibroin in dissected major ampullate glands,
suggesting that this phosphorylation step is part of the
processing that occurs as the silk journeys from the glands
to the spinnerets.
The remaining phosphorus content of the silk is assigned
to phosphorylated tyrosine and serine residues, as suggested
by the observation of O-phosphotyrosine in amino acid
analyses, and to inorganic phosphate. The inorganic phos-
phate may be present in the silk in inorganic crystallites or
may have arisen from one of the other phosphorous envi-
ronments when the silk was dissolved. Although additional
work is necessary to confirm the assignments made here,
our assignments are consistent with the positions and rela-
tive intensities of all peaks observed in both the solid- and
solution-state spectra.
Because we were unable to extract any of the phosphorus
with water, we conclude that all of the phosphorus content
observed is either covalently bound to the silk protein or is
in regions within the silk that are inaccessible to water.
On the basis of a molecular weight of 320,000 (Candelas
and Cintron, 1981), we are able to estimate from the spectral
intensities that the silk contains five phosphorus nuclei per
peptide chain. This corresponds to one inorganic phosphate
per chain, three phosphoamino acid residues per chain, and
one cyclic sugar phosphate per chain. More recent data
(Mello et al., 1994) suggest a molecular weight closer to
200,000, corresponding to somewhat fewer phosphorus nu-
clei per chain. Because there is some uncertainty about the
cross-polarization efficiencies of the silk resonances in the
solid-state, these estimates should be regarded as lower
bounds.
The origin of the cyclic sugar phosphate is unknown and
to our knowledge unprecedented in the study of fibrous
proteins. However, carbohydrates have been detected in the
silk of Argiope spiders (Tillinghast et al., 1981) and more
recently in that of N. clavipes (Kaplan group, NATICK
Army Research Center, personal communication, 1995).
Although the total phosphorus content of the silk is small
(<-0.1 wt %), it may be important to the physical prop-
erties. Posttranslational phosphorylation of specific amino
acid residues in globular proteins is often a crucial step in
the development of their activity. This process may also be
fundamental to the structural assembly or stability of the
silk. Additional experiments are required to elucidate the
role played by this and other trace components in contrib-
uting to the physical properties of this remarkable material.
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